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Human immunodeficiency virus type 1 (HIV-1) Nef down-regulates CD4 by triggering rapid endocytosis of cell surface CD4.
To better understand how Nef induces CD4 down-regulation, we generated a series of Nef mutants with small in-frame
deletions in the coding region. Three classes of mutants were obtained. The first class produces neither CD4 down-
regulation nor dissociation of the CD4–p56 lck complex. The second class induces CD4 down-regulation in cells lacking p56 lck
expression, but not in cells with p56 lck; these mutants fail to dissociate CD4 from p56 lck. These results show that Nef-mediated
CD4 dissociation from p56 lck is important for CD4 down-regulation. The third class of mutants is able to dissociate the
CD4–p56 lck complex but fails to down-regulate surface CD4; internalized CD4 molecules are recycled back to the cell surface.
This result suggests that Nef diverts the CD4 recycling pathway to a degradative pathway. We also demonstrate that Nef
associates with phosphatidylinositol-3-kinase (PI3K) activity, which is known to be involved in several aspects of membrane
trafficking. However, Nef mutants that cause internalized CD4 to be recycled do not associate with PI3K activity; thus
Nef-associated PI3K activity might be involved in the latter process of targeting CD4 to a degradative pathway. We conclude
that HIV-1 Nef plays a critical role in multiple processes in CD4 down-regulation: (i) disrupting the CD4–p56 lck complex on the
cell surface to allow CD4 internalization and (ii) diverting the internalized CD4 to a lysosomal pathway for its degradation,
likely through a PI3K activity. © 1999 Academic Pressp
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CINTRODUCTION
Human immunodeficiency virus type 1 (HIV-1) Nef is a
yristylated phosphoprotein of 25–30 kDa, encoded by
n open reading frame near the 39 end of the HIV-1
enome, partially overlapping the U3 region. The in vivo
mportance of Nef was first demonstrated by Kestler et al.
1991) using a rhesus monkey model system in which
utant SIVmac lacking the nef gene failed to maintain
igh virus load and subsequently to develop AIDS in
nfected monkeys. These results clearly suggested that
he nef gene product of SIVmac functions as a positive
ffector that is required for high levels of viral replication
nd disease progression. More recently, a similar posi-
ive requirement for Nef was observed in other model
ystems (de Ronde et al., 1992; Jamieson et al., 1994;
iller et al., 1994; Spina et al., 1994). To date, numerous
ef-induced phenotypes obtained in vitro in nef1 virus-
nfected or Nef-expressing cells have pinpointed a pos-
tive role for Nef in virus replication and AIDS develop-
ent (Garcia et al., 1993; Skowronski et al., 1993; Ander-
on et al., 1994; Bandres and Ratner, 1994; Baur et al.,
994; Rhee and Marsh, 1994a,b; Aiken and Trono, 1995;
howers et al., 1995; Schwartz et al., 1996). However, the
1 To whom correspondence and reprint requests should be ad-
ressed at Laboratory of Molecular Virology, Samsung Biomedical
esearch Institute, Kangnam-Ku, Ilwon-Dong 50, Seoul 135-230, Korea.
ax: 82-2-3410-3649. E-mail: ssrhee@smc.samsung.co.kr.042-6822/99 $30.00
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208recise mechanisms of Nef activity in the infectivity and
athogenesis of the virus remain largely unknown.
Of the activities attributed to Nef in vitro, Nef-induced
own-regulation of CD4 is conserved in many CD41 cells
ncluding human and murine T cell lines. It has been
uggested that Nef utilizes a mechanism of action com-
only shared among different species (Garcia and
iller, 1991; Benson et al., 1993; Garcia et al., 1993).
nitial efforts to determine this mechanism have demon-
trated that expression of HIV-1 Nef induces rapid endo-
ytosis of cell surface CD4 and its subsequent degrada-
ion in the lysosomal compartment without altering the
teady-state levels of CD4 mRNA (Aiken et al., 1994;
hee and Marsh, 1994b).
Nef-induced down-regulation of CD4 is a posttransla-
ional process that requires the cytoplasmic domain of
D4 (Garcia et al., 1993; Anderson et al., 1994). Specifi-
ally, a dileucine-based motif present in the 20-amino-
cid membrane proximal region of this domain appears
o be an endocytosis signal (Aiken et al., 1994), analo-
ous to the one found in the CD3 g and d chains (Le-
ourneur and Klausner, 1992). Furthermore, prior to Nef-
nduced CD4 endocytosis, cell surface CD4 was ob-
erved to be dissociated from p56 lck (Rhee and Marsh,
994b). p56 lck is a lymphocyte-specific protein tyrosine
inase that can bind noncovalently to the CD4 cytoplas-
ic domain in the ER (Shaw et al., 1989; Turner et al.,
990). It was proposed that p56 lck may prevent surface
D4 molecules from being internalized (Pelchen-Mat-
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209Nef-INDUCED CD4 DOWN-REGULATIONhews et al., 1989, 1991, 1992; Marsh et al., 1990). In
onlymphoid cells, which do not express p56 lck, endocy-
osis of surface CD4 occurs very rapidly, at a rate of 2 to
% of the cell surface pool per minute, but this rate is
iminished by expression of p56 lck. Therefore, Nef-in-
uced p56 lck dissociation may result in CD4 internaliza-
ion by exposing the dileucine-based endocytosis motif
n CD4 to the endocytic apparatus.
Interestingly, Nef also induces CD4 down-regulation in
D41 nonlymphoid cells where CD4 is constitutively
nternalized and recycled back to the surface (Garcia et
l., 1993). This result suggests that Nef may function not
nly to initiate CD4 internalization in p56 lck-expressing
ymphoid cells but also to direct the internalized CD4 to
degradative pathway. As yet, this has not been exper-
mentally demonstrated.
In this report, we constructed 10 Nef mutants, with
mall in-frame deletions within the Nef coding domain.
ach mutant Nef was expressed in CEM as well as
eLa–CD4 cells and its effect on CD4 was determined.
n addition to a previously suggested role in accelerating
D4 endocytosis (Foti et al., 1997; Piguet et al., 1998), we
ound that HIV-1 Nef plays an essential role in at least
wo other events: (i) dissociating the CD4–p56 lck complex
n the cell surface in p56 lck-expressing lymphoid cells to
nitiate CD4 internalization and (ii) sorting the internal-
zed CD4 to a lysosomal pathway where it is degraded.
utants defective in each process are described here.
e also show that HIV-1 Nef associates with phospha-
idylinositol-3-kinase (PI3K) activity. PI3K is known to be
nvolved in several aspects of intracellular membrane
Summary of the Pheno
Mutants
CD4 down-regulationa
CEM HeLa–CD4 HeL
ild-type 1 1
onfunctional mutants
d2-20 2 2
d21-40 2 2
d80-90 2 2
d113-132 2 2
d174-192 2 2
issociation-defective mutants
d54-72 2 1
d94-112 2 1
d193-210 2 1
ecycling mutants
d137-154 2 2
d155-173 2 2
Note. Data are from three separate experiments. 1, positive result o
a CD4 down-regulation was determined by FACS analyses.
b CD4–p56 lck dissociation was determined as the amount of p56 lck c
c CD4 recycling was determined as the amount of 125I-OKT4 that rema
f postinternalization.
d PI3K activity association was determined by PI3K assay on the imrafficking (Joly et al., 1995; Li et al., 1995; Shepherd et al.,
996). Our findings suggest that HIV-1 Nef may function
s a regulator of intracellular protein trafficking.
RESULTS
Nef expression and its effect on CD4. To understand
he mechanism by which HIV-1 Nef down-regulates cell
urface expression of CD4, we constructed 10 Nef mu-
ants with small in-frame deletions. The positions of the
mino acids deleted in each mutant are indicated in the
ame of the mutant (i.e., mutant d2-20 has an internal
eletion of 19 amino acids from amino acid residues 2 to
0; Table 1). Each mutant Nef was expressed in CEM
nd HeLa–CD4 cells. The steady-state levels of wild-type
wt) and mutant Nef expressed in each cell line were
etermined by immunoprecipitating Nef with rabbit anti-
ef antibody (Ab) followed by immunoblotting with rat
nti-Nef Ab (Fig. 1). Truncated Nef-specific bands of
4–25 kDa were seen in each mutant Nef cell line, while
band of 27 kDa was seen in wt Nef-expressing cells.
he expression level of each mutant Nef protein was
omparable to that of wt Nef.
Since Nef-induced CD4 down-regulation results in
apid degradation of CD4, we first determined the
teady-state levels of CD4 by immunoprecipitation and
mmunoblotting. CEM and HeLa–CD4 cells expressing
t Nef (CEMNef and HeLa–CD4Nef) showed significantly
maller amounts of CD4 than control cells (Fig. 1). How-
ver, in CEM cells expressing mutant Nef proteins, levels
f CD4 were similar to those in control cells, indicating
of HIV-1 Nef Mutants
CD4–p56 lck
dissociationb
CD4
recyclingc
PI3K activity
associationd
/Lck CEM HeLa–CD4
1 2 1 1
2 2 ND ND
2 2 ND ND
2 2 ND ND
2 2 ND ND
2 2 ND ND
2 2 2 1
2 2 2 1
2 2 2 1
1 1 2 2
1 1 2 2
2, negative result of test; ND, not determined.
itated with surface CD4.
ithin the cell or that reappeared on the cell surface after various times
mplexes that were coprecipitated with the Nef protein.types
a–CD4
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210 KIM ET AL.hat these mutant Nefs are unable to down-regulate CD4
n CEM cells. Interestingly, smaller amounts of CD4 were
etected in HeLa–CD4 cells with three mutants: d54-72,
94-112, and d193-210. These three mutant Nefs seem to
e able to down-regulate CD4 in HeLa–CD4 cells, but not
n CEM cells.
These results are supported by FACS analyses of
urface CD4 expression of Nef-expressing CEM and
eLa-CD4 cells (Fig. 2). As has been noted in many
D41 cells, including human and murine T-cell lines
Garcia and Miller, 1991; Benson et al., 1993; Rhee and
arsh, 1994a,b), a significant reduction in fluorescence
ntensity is observed in CEMNef and HeLa–CD4Nef. How-
ver, none of the mutant Nef-expressing CEM cells
howed a reduction in surface expression of CD4. In
ontrast, three mutants were able to significantly down-
egulate CD4 surface expression in HeLa–CD4 cells,
amely d54-72, d94-112, and d193-210.
Nef-induced p56 lck dissociation from the CD4–p56 lck
omplex. Surface CD4 in CEM cells is stably anchored
n the plasma membrane by association with the protein
inase p56 lck via the cytoplasmic tail of CD4 and the
mino-terminus of p56 lck (Shaw et al., 1989; Turner et al.,
990). In contrast, in HeLa–CD4 cells that do not express
56 lck, surface CD4 is constitutively internalized and re-
ycled back to the surface (Pelchen-Matthews et al.,
992). Previously, we have reported disruption of the
D4–p56 lck complex in T lymphocytes prior to Nef-in-
uced internalization of CD4 (Rhee and Marsh, 1994b).
urthermore, it was demonstrated that HIV-1 Nef does
ot interfere with the formation of the CD4–p56 lck com-
lex in the ER or the presentation of the complex on the
lasma membrane in VB cells. In Nef-expressing cells,
D4 was delivered to the surface with kinetics similar to
FIG. 1. Nef expression and its effect on CD4 turnover. Nef, CD4, and
56 lck expression in cells of each line expressing wt or mutant nef
enes was detected by immunoprecipitation and Western blot analysis.hose observed in control cells but internalized after a
hort stay of 1 to 2 h. After pulse-labeling, CD4 on the
urface was detected with p56 lck with a 1:0.8–0.9 ratio of
D4 to p56 lck in the radioactivity incorporated into the
roteins. Following a 1-h chase, similar amounts of
ulse-labeled CD4 were found on the surface, but the
atio of CD4:p56 lck was reduced to 1:0.5 in cells with Nef,
hile it remained unchanged in control cells. Thus we
oncluded that Nef induces dissociation of surface CD4
rom p56 lck prior to internalization (Rhee and Marsh,
994b).
Since mutants d54-72, d94-112, and d193-210 were
ctive in CD4 down-regulation only in the absence of
56 lck (HeLa–CD4), we questioned whether the inability
f these mutants to modulate CD4 in CEM might be
aused by the failure to dissociate the CD4–p56 lck com-
lex. This hypothesis was initially examined by coex-
ression of p56 lck in each clonal Nef-expressing HeLa–
D4 cell. Western blot analyses of cell lysates with rabbit
nti-p56 lck Ab showed comparable levels of p56 lck ex-
ression in each cell line (Fig. 1). The levels of surface
D4 in these cells were analyzed by FACS (Fig. 2). The
D4 down-modulation observed in HeLa–CD4 cells by
hose three mutants was completely suppressed by
56 lck expression, suggesting that these mutants may be
efective in dissociating CD4 from the CD4–p56 lck com-
lex. Furthermore, these results strongly indicate that
FIG. 2. FACS analyses of surface CD4 expression in Nef-expressing
ells. Surface CD4 down-modulation by Nef was determined by FACS
nalysis. Half a million exponentially growing cells were directly im-
unostained with fluorescein-conjugated anti-CD4 monoclonal Ab and
hen analyzed (solid line). The dotted line shows the background
luorescence intensity, which is caused by the nonspecific binding of
he irrelevant fluorescein-labeled IgG.
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211Nef-INDUCED CD4 DOWN-REGULATIONef-induced CD4 dissociation from p56 lck is required for
he down-regulation of CD4.
We further analyzed the dissociation of the CD4–p56 lck
omplex in mutant Nef-expressing CEM cells by deter-
ining CD4:p56 lck ratios as previously described (Rhee
nd Marsh, 1994b). Immediately after the pulse-labeling
time P) in both CEMCon and CEMNef cells, pulse-labeled
56 lck coprecipitated with cell surface, pulse-labeled
D4 at a ratio of 0.9:1 in the radioactivity incorporated
nto the proteins (Fig. 3A). After a 1-h chase (time 60),
ecreasing amounts of p56 lck were coprecipitated, gen-
rating a drop in the p56 lck:CD4 ratio to 0.5–0.6:1 in
EMNef, whereas in CEMCon cells the ratio of CD4 to
FIG. 3. Effect of Nef on association of p56 lck with cell surface CD4. (A)
inetics of the dissociation of surface CD4 from p56 lck were determined
n CEMCon (open circles) and CEMNef (closed circles) cells. Cells were
ulse-labeled for 30 min and chased for the indicated period. Surface
D4 complex (CD4 and CD4-associated proteins) was precipitated
ith OKT4 and then reprecipitated with anti-CD4 Ab or anti-p56 lck Ab.
he amount of the radioactivity incorporated into protein was quantified
y phosphorimaging, and then the p56 lck/CD4 ratio was plotted. Data
re the mean and standard error from three separate experiments. (B)
o determine whether the Nef mutants induce the dissociation of the
D4–p56 lck complex, CD4 and associating p56 lck were detected after a
-h chase in mutant Nef-expressing CEM cells. The bar graph shows
he ratios of p56 lck to CD4. Data are the mean and standard error from
hree separate experiments.56 remained unchanged. These results agree with
hose seen with VB cells described above (Rhee and
arsh, 1994b): Nef triggers surface CD4 dissociation
rom p56 lck prior to internalization. Taken together with
he FACS results showing different CD4 down-regulation
epending on p56 lck expression (Fig. 2), this finding of an
pproximately 50% drop in p56 lck association while CD4
s still on the cell surface indicates that in Nef-expressing
ells the newly surface-delivered CD4 molecules are
rogressively dissociated from p56 lck and then internal-
zed.
As expected, similar amounts of radiolabeled CD4
ere delivered and accumulated during the 1-h chase
eriod on the surface of mutant Nef-expressing cells
Fig. 3B). No significant dissociation of the complex was
bserved with mutants d2-20, d21-40, d80-90, d113-132,
nd d174-192, which were shown to be inactive in CD4
own-regulation by FACS analysis (Fig. 2, FACS results
ith mutant d2-20 are shown as representatives, since
imilar results were obtained with each of these mu-
ants). In addition, the three mutants d54-72, d94-112, and
193-210 showed no dissociation of surface CD4 from
56 lck. Similarly, dissociation of the complex could not be
bserved in HeLa–CD4/Lck cells with these mutants
data not shown), confirming that these mutants are
efective in the dissociation of the CD4–p56 lck complex.
aken together with FACS results of these mutants show-
ng that CD4 down-regulation was induced only in cells
acking p56 lck expression, Nef-mediated dissociation of
he CD4–p56 lck complex at the plasma membrane ap-
ears to be a prerequisite for CD4 down-regulation in
D41 lymphoid cells.
Nef effect on the internalization and recycling of sur-
ace CD4. Interestingly, dissociation of CD4 from the
D4–p56 lck complex was observed with mutants d137-
54 and d155-173 as well as wt Nef (Fig. 3B). The FACS
nalyses, however, showed no significant reduction in
urface CD4 in either of these mutant Nef-expressing
ell lines (Fig. 2). In addition, no CD4 degradation was
bserved in either CEM or HeLa–CD4 cells (Fig. 1). Thus
e questioned whether surface CD4, dissociated from
56 lck in CEMd137-154 and CEMd155-173, may be internalized
nd recycled back to the surface, rather than being
irected to lysosomes. To examine this hypothesis, the
nternalization and recycling of surface CD4 were mea-
ured in wt and these mutant Nef-expressing cells as
escribed under Materials and Methods.
In the parental CEMCon cells, no significant internaliza-
ion of the 125I-OKT4-labeled surface CD4 was detected
uring the incubation periods (Fig. 4A). By contrast,
EMNef internalized CD4 at 1.5 to 2% per minute, as
easured over the first 20 min at 37°C. At steady state,
5 to 55% of the initial cell surface pool of CD4 was
nternalized. This is consistent with FACS analysis (Fig.
), which showed a 40 to 60% drop in fluorescence
ntensity compared to that of CEMCon, confirming that Nef
onstitutively internalizes surface CD4.
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212 KIM ET AL.In the recycling experiments in CEM cells, 125I-OKT4-
abeled surface CD4 was allowed to be internalized for
h. The surface-associated 125I-OKT4 was then removed
y acid-stripping and the cells were incubated a second
ime without label. At each time point, cells were har-
ested directly or restripped to give the total cell-asso-
iated or the intracellular label, respectively. In CEMCon
here surface CD4 is not internalized, we detected ap-
roximately 2–3% of total cell-associated counts inside
ells after the 1-h internalization period. After the second
ncubation without label, the majority of the internalized
abel remained inside (Fig. 4B). In CEMNef, approximately
0% of the label was found inside the cells after the
nternalization period and almost all of it remained inside
FIG. 4. Kinetics of surface CD4 internalization and recycling in Nef-ex
EM cells was quantitated. Cell surface CD4 was labeled with 125I-OKT
cid-resistant 125I-OKT4 was counted and then the percentage of acid-
o quantitate CD4 recycling in CEM, the 125I-OKT4-labeled surface CD4
25I-OKT4 was removed with cold acid-stripping buffer. The cells were t
as counted, and their ratios to the total cell-associated label were plo
xperiments.fter the second incubation, indicating that no recycling
ccurred. It is worth noting that neither internalization
or recycling of CD4 was observed with the three disso-
iation-defective mutant Nefs, d54-72, d94-112, and d193-
10, as seen with control cells (data not shown).
It is of interest to determine the effect of Nef on the fate
f CD4 in HeLa–CD4 cells; in HeLa–CD4 cells, CD4 is
onstitutively internalized by a dileucine-based endo-
ytic signal in its cytoplasmic tail and recycled back to
he cell surface (Pelchen-Matthews et al., 1989). As ex-
ected, CD4 was internalized and recycled in control
eLa–CD4 cells (Figs. 5A and 5B). In wt Nef-expressing
ells, CD4 internalization was increased but recycling
as reduced. At steady state, 55 to 65% of the cell
ng CEM cells. (A) The internalization of surface CD4 in Nef-expressing
allowed to be internalized for the indicated times. After acid stripping,
nt 125I-OKT4 to the total cell-associated label was plotted. (B) In order
lowed to be internalized for 1 h and the remaining surface-associated
ubated for various times. The amount of 125I-OKT4 on the cell surface
Recycled). Data are the mean and standard error from three separatepressi
4 and
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213Nef-INDUCED CD4 DOWN-REGULATIONurface pool of CD4 was internalized, compared to 20 to
5% of control cells; 15 to 20% of initial intracellular label
as recycled, compared to 45 to 50% of control cells.
ogether, these results confirm previous results (Piguet
t al., 1998) that Nef increases CD4 internalization and
nterferes with recycling of internalized CD4. Importantly,
imilar kinetics were also obtained with three dissocia-
ion-defective mutants, d54-72, d94-112, and d193-210,
howing that these mutants are functional to accelerate
D4 internalization and to prevent internalized CD4 from
eing recycled (results with mutant d54-72 are shown as
epresentatives, since similar results were obtained with
ach of these mutants). These results thus strengthen
ur conclusion that Nef-mediated CD4 dissociation from
56 lck is essential for CD4 endocytosis in CEM cells.
FIG. 5. Kinetics of surface CD4 internalization and recycling in Nef-e
n Nef-expressing HeLa–CD4 cells were quantitated as described in th
xperiments.With the two recycling mutants, d137-154 and d155-
73, CD4 internalization was observed at much reduced
ates in both CEM cells (Fig. 4A) and HeLa–CD4 cells
Fig. 5A), compared to wt Nef. Thus these mutant Nefs
ppear to be defective in inducing enhanced internaliza-
ion of surface CD4.
In recycling experiments with the recycling mutants,
pproximately 17–19 or 20–25% of total cell-associated
ounts was detected inside of cells after the 1-h inter-
alization period in CEM and HeLa–CD4 cells, respec-
ively. Unlike the finding of no recycling with wt Nef, a
ime-dependent decrease in the level of intracellular la-
el was observed after the second incubation, which
eached a plateau after 20 min (about 60–70% in CEM
nd 50–55% in HeLa–CD4). Moreover, the majority (up to
ng HeLa cells. The internalization (A) and recycling (B) of surface CD4
d to Fig. 4. Data are the mean and standard error from three separatexpressi
e legen
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214 KIM ET AL.0%) of the loss was recovered from the acid-stripping
ashes (% Recycled, Figs. 4B and 5B), demonstrating
hat internalized CD4 in these mutant Nef-expressing
ells was resurfaced. It should be noted that the kinetics
f CD4 recycling as well as the internalization in these
utant Nef-expressing HeLa–CD4 were similar to those
f control cells. Thus, it appears likely that CD4 in these
ells was internalized not by Nef but by an endocytic
ignal of CD4 with subsequent recycling, as observed in
arental HeLa–CD4 cells. Collectively, these results
trongly demonstrate that a functional Nef appears to be
ecessary to increase CD4 internalization as well as to
revent internalized CD4 from being recycled.
Association of Nef with PI3K activity. Recent studies
ave shown that PI3K is involved in intracellular mem-
rane and protein trafficking as well as intracellular sig-
aling (Joly et al., 1995; Li et al., 1995; Shepherd et al.,
996). Since Nef appears to be involved in the sorting of
nternalized CD4 to a degradative pathway, we investi-
ated whether Nef associates with PI3K activity. Our
esults show that PI3K activity was precipitated by the
I3K-specific anti-p85 Ab in cells with or without Nef (Fig.
A). Using a Nef-specific Ab, the PI3K activity was co-
recipitated in Nef-expressing cells but not in control
ells, demonstrating that Nef appears to associate with
I3K activity. To demonstrate that this enzymatic activity
FIG. 6. Association of Nef with PI3K activity. (A) PI3K assays were
erformed on the immunoprecipitates from CEM and HeLa–CD4 cells
ith PI3K-specific anti-p85 Ab or rat anti-Nef Ab. 20 mM adenosine was
dded to the reaction mixture to block type 2 PI4K activity. (B) The
mmunocomplexes obtained from CEMNef cell lysates with anti-p85 Ab
r rat anti-Nef Ab were assayed for PI3K activity in the presence of 0.5%
P-40 or 5 nM wortmannin to distinguish PI3K activity from that of type
PI4K.s specific to PI3K, a kinase assay was carried out in the
resence of PI3K-specific inhibitors, 0.5% NP-40 and 5
M wortmannin, as reported previously (Whitman et al.,
987; Thelen et al., 1994). PI3K activity, indicated as a PIP
roduct, was markedly reduced by these inhibitors, con-
irming that HIV-1 Nef associates with PI3K activity (Fig.
B).
It is of interest to note that no PI3K activity was de-
ected with mutant Nefs that do not down-regulate CD4.
o PI3K activity was detected in either CEM or HeLa–
D4 cells with recycling Nef mutants (d137-154 and
155-173). Since these mutants dissociate CD4 from
56 lck, the enzymatic activity appears not to be involved
n this process. On the other hand, mutants d54-72,
94-112, and d193-210, defective in dissociation of the
D4-p56 lck complex, showed PI3K activities in HeLa–
D4 cells where CD4 is down-regulated by Nef. Given
hese results, we speculate that Nef-associated PI3K
ctivity may target internalized CD4 to a degradation
athway. This speculation is supported by studies with
DGF-R that show that PI3K functions in the targeting of
ndocytosed receptors to the lysosome (Joly et al., 1995;
hepherd et al., 1996).
Inhibition of Nef-induced CD4 degradation with PI3K
nhibitor, wortmannin. To test whether Nef-associated
I3K activity is involved in CD4 degradation, the effect of
ortmannin on Nef-induced CD4 internalization and deg-
adation was examined in CEMCon and CEMNef cells (Fig.
). First, the stability of CD4 was determined by a pulse–
hase experiment in the absence and in the presence of
FIG. 7. Involvement of PI3K in Nef-induced CD4 degradation. The
mportance of PI3K activity in Nef-mediated CD4 down-regulation was
xamined in the absence and in the presence of wortmannin. (Stability
f total CD4) Stability of total cell-associated CD4 was determined by a
ulse–chase experiment. CEM cells were pulse-labeled for 30 min
lane 1) and chased for 4 h in the absence (lane 2) or in the presence
lane 3) of 100 nM wortmannin. CD4 was precipitated with OKT4.
Surface CD4) To determine the effect of wortmannin on CD4 internal-
zation, cells were pulse-labeled for 30 min and chased for 45 min to
llow pulse-labeled CD4 to be delivered to cell surface. The cells were
ither immediately incubated with OKT4 for 2 h to determine levels of
ulse-labeled, surface CD4 (lane 1) or further chased for 4 h in the
bsence (lane 2) or in the presence (lane 3) of 100 nM wortmannin and
hen incubated with Ab. CD4 coupled with OKT4 was precipitated with
rotein G–agarose. (Stability of Internalized CD4) To determine the
tability of internalized CD4, cells were pulse-labeled for 30 min,
hased for 45 min, and then incubated with OKT4 for 2 h. CD4,
adiolabeled and coupled with OKT4, was detected either immediately
lane 1) or after a 4-h chase in the absence (lane 2) or in the presence
lane 3) of 100 nM wortmannin.
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215Nef-INDUCED CD4 DOWN-REGULATIONortmannin. As has been previously reported, newly
ynthesized, pulse-labeled CD4 molecules (Stability of
otal CD4, lane 1) were rapidly degraded with a half-life
f approximately 4–5 h in CEMNef cells (lane 2), while in
EMCon cells they were very stable with a half-life of
8–20 h. However, CD4 degradation was suppressed by
5 to 70% in the presence of wortmannin (100 nM; lane
), strongly suggesting that PI3K plays a role in Nef-
ediated CD4 degradation. This was further supported
y the following experiment, which shows that wortman-
in does not interfere with the process of CD4 internal-
zation per se.
Cells were incubated with OKT4 after a 30-min pulse
ith [35S]ProMix and a 45-min chase to detect amounts
f surface CD4 that were synthesized and delivered
uring this period. Similar levels of radiolabeled CD4
ere found on the surface of both cell types (Surface
D4, lanes 1). When chased for an additional 4 h in the
bsence or in the presence of 100 nM wortmannin, the
mounts of labeled CD4 on the cell surface were in-
reased in CEMCon cells (lanes 2–3). By contrast, in CEM-
Nef cells the majority of the surface CD4 seen after a
ulse and a 45-min chase (lane 1) disappeared during
he second chase both in the absence (lane 2) and in the
resence of wortmannin (lane 3). These results indicate
hat wortmannin does not inhibit the initial internalization
rocess of CD4 induced by Nef in CEM cells.
These results suggest that Nef-associated PI3K activ-
ty is involved in the CD4 lysosomal degradation path-
ay. This was further confirmed by an experiment to
etermine the stability of internalized CD4. After a 30-min
ulse and a 45-min chase, cells were incubated with
KT4 to tag pulse-labeled surface CD4 and then chased
or 4 h in the absence or in the presence of 100 nM
ortmannin. In CEMCon cells, since no internalization
as observed, the amounts of pulse-labeled, OKT4-
agged surface CD4 (Stability of internalized CD4, lane 1)
ere maintained after the chase period (lanes 2 and 3).
owever, OKT4-tagged surface CD4 (lane 1) on CEMNef
isappeared after the 4-h chase in the absence of wort-
annin (lane 2), suggesting that those CD4 molecules
ere internalized and then degraded or dissociated from
KT4 in the acidic compartments of the degradation
athway. Importantly, OKT4-labeled CD4 accumulated as
result of wortmannin treatment of CEMNef (60–70%
ecovery; lane 3). These results clearly demonstrate that
ef-associated PI3K activity functions in the targeting of
D4 internalized by Nef to a degradative pathway. Note
hat in Nef-expressing cells, the turnover of internalized
D4 after the 4-h chase (Stability of internalized CD4,
anes 1 and 2) was much more dramatic than the de-
rease in half-life for total cellular CD4 (Stability of total
D4, lanes 1 and 2). This finding is in good agreement
ith our previous results (Rhee and Marsh, 1994b) that
IV-1 Nef expression per se has no effect on CD4 trans-
ort from the ER to the plasma membrane, but induces
apid turnover of newly synthesized cell surface CD4.DISCUSSION
We have examined the involvement of Nef in CD4
ndocytosis and trafficking through a mutational analy-
is. The phenotypes of these in-frame deletions could
epresent gross effects of conformational changes rather
han effects of the domain deleted in a given mutation.
owever, this approach nonetheless allows us to define
oles for the Nef protein in the multistep process of CD4
own-regulation. We identified two distinct events that
equire a functional Nef in the multistep process of CD4
own-regulation: (i) dissociation of the CD4–p56 lck com-
lex on the cell surface to initiate CD4 internalization in
56 lck-expressing lymphoid cells and (ii) direction of in-
ernalized CD4 to a degradative pathway. In the latter
rocess, Nef appears to require PI3K activity.
Nef mutants were phenotypically categorized into
hree groups: nonfunctional, dissociation-defective, and
ecycling (summarized in Table 1). The nonfunctional Nef
utants produced neither CD4 dissociation from the
D4–p56 lck complex nor CD4 down-regulation in either
EM or HeLa–CD4 cells. The dissociation-defective Nef
utants are defective in the dissociation of CD4 from the
D4–p56 lck complex (Fig. 3B). They induced CD4 down-
egulation in cells lacking p56 lck expression (HeLa–CD4)
ut not in cells with p56 lck expression (HeLa–CD4/Lck
nd CEM; Fig. 2). These results demonstrate for the first
ime that Nef-mediated CD4 dissociation from p56 lck is
mportant for CD4 down-regulation.
Nef expression in HeLa–CD4 down-regulated surface
D4 as previously reported (Garcia and Miller, 1991;
iken et al., 1994). Since surface CD4 in HeLa–CD4 is
onstitutively internalized and recycled back to the sur-
ace, we speculated that Nef could function to interfere
ith CD4 recycling and direct internalized CD4 mole-
ules to a degradative pathway. We demonstrated this
ef function experimentally through the phenotypes of
he third group of Nef mutants. These recycling mutants
nduced CD4 dissociation from the CD4–p56 lck complex
n CEM cells but CD4 down-regulation was observed in
either CEM nor HeLa–CD4. Furthermore, we clearly
emonstrate that CD4, dissociated from p56 lck, was in-
ernalized and resurfaced in these mutant Nef-express-
ng CEM cells (Fig. 4). Such a recycling of internalized
D4 was also detected in these mutant-expressing
eLa–CD4 cells and control HeLa–CD4 cells (Fig. 5). By
ontrast, recycling of CD4 internalized by wt Nef was
isrupted and CD4 was degraded. These results led us
o conclude that HIV-1 Nef plays an essential role, in
ddition to dissociating CD4, in interfering with the recy-
ling of internalized CD4 by directing it to a degradative
athway. Moreover, these two distinct Nef functions ap-
ear to be separable from each other.
Our findings indicate that Nef can regulate intracellu-
ar protein trafficking. In addition to cell surface CD4, Nef
as been shown to induce endocytosis of MHC-I through
nknown but similar mechanisms (Schwartz et al., 1996).
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216 KIM ET AL.nterestingly, Nef expression produces no alterations in
urface levels of a number of other surface molecules,
ncluding CD8, CD29, CD45RO, the IL2 receptor a chain,
he transferrin receptor, ICAM-1, CD38, CD69, and CD4–
DL fusion proteins (Garcia and Miller, 1991; Benson et
l., 1993; Garcia et al., 1993; Schwartz et al., 1993; Aiken
t al., 1994). Thus, Nef-induced endocytosis appears to
e antigen-specific for CD4 and MHC-I, rather than a
onspecific stimulation of endocytosis per se.
The implication of these observations is that Nef must
ontain an intrinsic property that allows it to associate
ot only with down-regulated cell surface molecules
uch as CD4 and MHC-I but also with the cell endocy-
osis/sorting machinery. Interestingly, HIV-1 Nef has
een demonstrated to interact with CD4 in vitro on a
ST–Nef column (Harris and Neil, 1994) as well as in the
east two-hybrid system (Rossi et al., 1996). Neverthe-
ess, the direct in vivo interaction of Nef with these
olecules has not been determined in mammalian cells.
ecently Nef has been suggested to accelerate CD4
nternalization by connecting CD4 to clathrin-coated pits.
ef was found to colocalize with components of AP-2-
ontaining clathrin coats and specifically to interact with
chains of the adaptor complexes (Foti et al., 1997;
reenberg et al., 1997; Piguet et al., 1998). Thus it is
ossible that Nef may accelerate internalization of sur-
ace CD4 by interacting with CD4, which in turn induces
D4 to dissociate from the CD4–p56 lck complex and
ncreases CD4 association with the AP-2-containing en-
ocytic structures at the plasma membrane. In addition,
enichou et al. (1994) showed in the yeast two-hybrid
ystem and in HIV-infected cells that Nef interacts with
-COP, a major coat component of non-clathrin-coated
esicles. Recent studies of b-COP as an endosomal
rotein involved in membrane transport suggest that Nef
unctions as a possible connector between CD4 and the
ndocytic/lysosomal pathways (Whitney et al., 1995;
niento et al., 1996). Of note, CD4 internalization in re-
ycling mutant-expressing cells occurred at reduced ki-
etics compared to those with wt Nef. Thus, despite their
bility to interact with CD4 and to dissociate p56 lck, these
utants appear to fail to associate with components of
lathrin coats. Nevertheless, CD4 internalization was de-
ected in HeLa–CD4 cells with these mutants at rates
imilar to those in control cells, suggesting that CD4 may
e internalized in these cells by the dileucine-based
ndocytic signal within the cytoplasmic tail of CD4 (Fig.
).
Previously Goldsmith et al. (1995) reported that coex-
ression of p56 lck in CD4-expressing COS cells abol-
shed CD4 down-regulation activity by Nef. This is differ-
nt from our data with CD4-expressing HeLa cells. Since
here was a concern about using clonal cells in our
ystem, several selected clones, singly or mixed, were
nvestigated, and similar results were obtained. There-
ore, the conflicting results reported here may be the
esult of (i) different Nef alleles used; (ii) different expres-ion levels of Nef, CD4, and p56 ; or (iii) the involvement
f other proteins that differ between COS and HeLa cells.
By solution NMR spectroscopy Grzesiek et al. (1996)
ave recently mapped a site on Nef that is involved in
inding to a 13-amino-acid polypeptide on the CD4 cy-
oplasmic tail. Since this part of CD4 overlaps in part with
mino acids involved in CD4 association with p56 lck, Nef
ay compete with p56 lck for CD4 binding, leading to CD4
issociation. Interestingly, our dissociation-defective mu-
ants, d54-72 and d94-112, lack some portions of the
uggested binding site. Thus, these mutant Nefs may
ave weaker affinity for CD4 and fail to dissociate CD4
rom p56 lck (Fig. 3B). Consequently, the CD4 internaliza-
ion process cannot be initiated in these mutant Nef-
xpressing CEM cells. However, when CD4 is expressed
y itself without p56 lck in HeLa–CD4, these mutant Nefs
ere fully functional to accelerate CD4 internalization
Fig. 5A). These results suggest that these mutant Nefs
re able to associate with CD4, presumably through
emaining portions of the suggested CD4 binding site. In
rder to demonstrate this possibility, we are currently
nvestigating in vitro interactions of wt or mutant Nefs
ith CD4 in the presence and in the absence of p56 lck.
PI3Ks and their phosphoinositide lipid products have
een implicated in intracellular membrane and protein
rafficking as well as intracellular signaling (Schu et al.,
993; Joly et al., 1994, 1995; Li et al., 1995; Shepherd et al.,
996). We have shown that HIV-1 Nef associates with
I3K activity (Fig. 6) and that the presence of the fungal
etabolite wortmannin, an irreversible and specific in-
ibitor of PI3K (Arcaro and Wymann, 1993; Li et al., 1995),
uppresses Nef-induced CD4 degradation (Fig. 7). Since
ortmannin does not affect the CD4 internalization pro-
ess per se, Nef-associated PI3K activity appears to be
ecessary for the lysosomal degradation of the internal-
zed CD4. Similar results were previously obtained with
DGF-R, with the suggestion that PI3K is required at a
ostendocytic step to sort internalized receptors to the
ysosome (Joly et al., 1995; Shepherd et al., 1996). Thus,
ef may divert the fate of internalized CD4 from a recy-
led molecule to a lysosomally targeted molecule via
I3K activity. Such speculation is strengthened by the
ack of PI3K activity associated with recycling Nef mu-
ants, d137-154 and d155-173 (Fig. 6A). Since these mu-
ants are functional in dissociating CD4 from p56 lck, PI3K
ctivity is not required for this process. Moreover, Nef
eems to recruit PI3K enzymatic activity after the CD4
issociation and the initial internalization occurs, pre-
umably at the early endosome stage, but before the
nternalized CD4 is committed to a recycling pathway. No
I3K enzyme activity was associated with dissociation-
efective mutants, d54-72, d94-112, and d193-210, when
xpressed in CEM where no CD4 internalization occurs
Fig. 6A). Interestingly, Nef interferes in the association of
I3K with PDGF-R after ligand stimulation in NIH 3T3
ibroblasts (Graziani et al., 1996). The mechanism under-
ying such interference is not understood, but this might
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217Nef-INDUCED CD4 DOWN-REGULATIONell be explained by our observation of Nef interaction
ith PI3K activity. It is tempting to speculate that, in
igand-activated cells, Nef may recruit PI3K to the endo-
ytic pathway, thus limiting the enzyme available for
eceptor binding.
In summary, the data presented here suggest the
xistence of a novel mechanism that regulates intracel-
ular protein trafficking. HIV-1 Nef may function as a
inker between PI3K and internalized CD4 to sort CD4
way from proteins in the surface-recycling pathway. In
ddition, Nef plays an essential role in initiating the
rocess of CD4 internalization in p56 lck-expressing lym-
hoid cells by dissociating the CD4–p56 lck complex on
he cell surface. The details of the mechanisms involved
n these sequential events have yet to be studied, but
ef-associated PI3K activity and/or its lipid products
ost likely generate the signal for the sorting process of
nternalized CD4 along the endocytic/lysosomal path-
ays. This process should promote the recruitment of
ther molecules, such as b-COP and the microtubule-
inding protein CLIP170, to form vesicular structures
ound in the lysosomal pathways but not in the recycling
athways (Robinson et al., 1996). Together with PI3K,
hese molecules could connect CD4 to the lysosomal
athways in a specific manner. In addition to a role in
egulating membrane trafficking, PI3K has been impli-
ated as an upstream mediator of the cell signaling
ascade, by forming a complex with various receptors for
rowth factors and with oncogene products (Ward et al.,
996). Therefore, Nef might also modulate T-cell activa-
ion events via PI3K activity, which in turn controls virus
eplication and disease progression. We are currently
nvestigating these possibilities to develop a better un-
erstanding of the in vivo function of Nef in HIV-1 patho-
enesis.
MATERIALS AND METHODS
Construction of mutant Nef proteins and cells. In-frame
eletions were produced by oligonucleotide-directed
utagenesis of the nef gene in the pAlter-1 vector ac-
ording to the manufacturer’s instructions (Promega).
he nef gene used was derived from HIV-1 SF2 clone.
Wild-type or mutant nef gene-containing vector DNAs
ere transfected into the amphotropic retrovirus pack-
ging cell line PA317 (ATCC). Vector-expressing PA317
ell lines were selected in medium containing 0.3 mg/ml
f the antibiotic G418 (Gibco BRL). Infectious ampho-
ropic vector-containing culture medium was used to
nfect the human T cell line CEM cells in the presence of
.0 mg/ml polybrene. Stably transduced CEM cell lines
ere selected in RPMI 1640 (Gibco BRL) with 10% fetal
ovine serum (FBS) containing 350 mg/ml G418.
HeLa–CD4 cells were cotransfected with the nef gene-
ontaining vector DNAs and a hygromycin-resistant
ene expression vector, pLXSH (Miller and Rosman,
989). Resistant cell colonies were selected in DMEMGibco BRL) with 10% FBS containing 2.0 mg/ml hygomy-
in B (Sigma) and screened to determine whether they
xpressed Nef.
Nef-expressing HeLa–CD4/Lck cell lines were estab-
ished by cotransfection of Nef-expressing HeLa–CD4
lonal cells with a p56 lck expression vector (pSLlck; gift
rom E-H. Park) and a puromycin-resistance expression
ector (pcDNApuro). Transfected colonies were selected
n medium containing 3 mg/ml puromycin (Sigma).
Analysis of Nef and CD4 expression. Nef expression
nd CD4 expression were detected by a combined im-
unoprecipitation and immunoblotting experiment. Nef
nd CD4 were immunoprecipitated with rat anti-Nef Ab
nd rabbit anti-CD4 Ab (Intracel), respectively, and sep-
rated on 12% SDS–PAGE, as previously described
Rhee and Marsh, 1994b). After electrophoresis, proteins
ere transferred to nitrocellulose and incubated with
ither rabbit anti-Nef Ab or OKT4 mouse monoclonal
nti-CD4 Ab at 4°C overnight. The blots were probed
ith peroxidase-conjugated goat anti-rabbit Ab or rabbit
nti-mouse Ab and then developed using an enhanced
hemiluminescence detection system (Amersham) ac-
ording to the manufacturer’s instructions.
To assess mutant Nef effect on surface CD4 expres-
ion, cells were directly stained with fluorescein-conju-
ated anti-CD4 monoclonal Ab (PharMingen) and then
nalyzed on a Becton-Dickinson FACSvantage with the
ell Quest analysis program as previously described
Rhee and Marsh, 1994a). Debris and nonviable cells
ere gated out by forward scatter and the addition of
ropodium iodide, respectively.
Coimmunoprecipitation of p56 lck with surface CD4.
56 lck associated with cell surface CD4 was detected by
oimmunoprecipitation, as previously described (Rhee
nd Marsh, 1994b). Briefly, cells were pulse-labeled with
35S]ProMix (100 mCi/ml; Amersham) for 30 min, chased
or the indicated period with complete growth medium,
nd then incubated in serum-free RPMI 1640 containing
.5% BSA with OKT4 for 2 h at 4°C. After lysis in NTNE
uffer [1% NP-40, 20 mM Tris–HCl (pH 8.4), 0.15 M NaCl,
.0 mM EDTA, 1 mM PMSF, 10 mg/ml aprotinin] on ice for
5 min, OKT4-bound surface CD4 with CD4-associated
roteins was precipitated with protein G–agarose
Boehringer Mannheim), resolubilized in the sample
uffer, and reimmunoprecipitated with anti-CD4 Ab (In-
racel) or anti-p56 lck Ab (gift from Y-D. Yoon).
Determination of CD4 stability and surface expression.
D4 stability was determined by a pulse–chase experi-
ent (Rhee and Marsh, 1994b). CEM cells were pulse-
abeled for 30 min and chased for 4 h in the absence or
n the presence of 100 nM wortmannin. Immediately after
ulse-labeling, or after the chase, cells were lysed in
IPA buffer [phosphate-buffered saline (pH 7.4) contain-
ng 0.1% SDS, 0.5% deoxycholate, 1.0% Triton X-100, 1
g/ml leupeptin, 1 mg/ml aprotinin, and 1 mM PMSF],
nd total CD4 was immunoprecipitated with OKT4.
To determine levels of surface CD4, cells were pulse-
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218 KIM ET AL.abeled for 30 min and chased for 45 min to allow
ulse-labeled CD4 to be delivered to the cell surface.
he cells were either immediately incubated with OKT4
or 2 h at 4°C or chased for 4 h in the absence or in the
resence of 100 nM wortmannin and then incubated with
b. Cells were lysed and surface CD4 coupled with
KT4 was precipitated with protein G–agarose.
To determine the stability of CD4 internalized during a
-h chase, cells were incubated with OKT4 after a 30-min
ulse and a 45-min chase and then chased for 4 h in the
bsence or in the presence of 100 nM wortmannin. CD4
oupled with Abs was detected as described above.
CD4 internalization and recycling assay. CD4 internal-
zation and recycling assays for HeLa–CD4 cells were
arried out using 125I-OKT4, as previously described
Pelchen-Matthews et al., 1991). 125I-OKT4 was prepared
ith an 125I radio-iodination system (NEN) according to
he manufacturer’s instructions. For CEM cells the assay
as modified as follows. Ten million exponentially grow-
ng CEM cells were incubated in 2 ml of binding buffer
Hanks balanced salt solution containing 0.2% BSA) with
.5 nM 125I-OKT4 for 2 h at 4°C, washed twice, and
esuspended in 2 ml of complete growth medium. Cells
ere aliquoted, rapidly warmed to 37°C, and incubated
or various times. At each time point, individual cell
liquots were harvested either directly using cold bind-
ng buffer to give the total cell-associated label or after
emoving the cell surface 125I-OKT4 with acid-stripping
uffer (binding buffer adjusted to pH 2.0 with 10 mM
orpholinoethanesulfonic acid and HCl) to give the in-
ernalized, intracellular label. All samples were counted
sing a gamma counter (Beckman) and the proportion of
cid-resistant to total cell counts was calculated.
To determine CD4 recycling, the 125I-OKT4-labeled sur-
ace CD4 was allowed to be internalized for 1 h
Opresko, 1995). After removal of the remaining surface-
ssociated 125I-OKT4 with cold acid-stripping buffer, the
ells were returned to 37°C for various times. At each
ime point, cells were harvested or restripped to give the
otal cell-associated or intracellular label, respectively.
he restripping washes were pooled and the radioactiv-
ty was counted to give cell surface-associated, recycled
125I-OKT4.
Nef-associated PI3K activity assay. After cell lysis in
ysis buffer (1% Triton X-100, 10% glycerol, 5 mM MgCl2,
.148 M NaCl, 10 mM Pipes, 2 mM NaVO4, 1 mM PMSF,
mg/ml aprotinin, 10 mg/ml leupeptin), Nef and Nef-
ssociated proteins or PI3K were coimmunoprecipitated
ith rat anti-Nef Ab or anti-PI3K (p85) Ab (Santa Cruz),
espectively. The immunoprecipitates were assayed for
I3K activity in a reaction mixture containing 20 mM
ris–HCl (pH 7.5), 100 mM NaCl, 0.5 mM EGTA, 20 mM
gCl2, 0.25 mg/ml phosphatidylinositol (Sigma), 10 mCi
f [g-32P]ATP (NEN), and 20 mM adenosine to block type
PI4K activity at room temperature for 5 to 20 min as
escribed previously (Thelen et al., 1994; Whitman et al.,
987). To distinguish PI3K activity from that of type 3I4K, 0.5% NP-40 or 5 nM wortmannin (Sigma) was
dded to the wash buffer and the reaction mixture.
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